The employment of printing techniques as cost-effective methods to fabricate low cost, flexible, disposable and sustainable solar cells is intimately dependent on the substrate properties and the adequate electronic devices to be powered by them. Among such devices, there is currently a growing interest in the development of user-oriented and multipurpose systems for intelligent packaging or on-site medical diagnostics, which would greatly benefit from printable solar cells as their energy source for autonomous operation.
Introduction

Printing technology
The e-market for flexible and printed large-area electronics is rapidly growing and it is expected to become a $69 billion market in the next 10 years [1] . The growth is manly supported by the organic light-emitting diodes (OLEDs) and conductive ink industries. Nevertheless, as technology emerges from R&D, new market opportunities with huge growth potential will appear. Two potential markets are the food and health. These industries are facing a paradigm shift as society demands more regulation, quality control, and smart systems to improve life quality while being environmentally friendly and allowing continuous user interface. Printed electronics can be the key to address such demands by imparting products with solutions to acquire, store, and transfer data, communicate and carry out logic functions to take decisions, where recyclability and low cost are key vectors [2] .
Printing technologies enable electronics to be readily integrated as a part of other printed media by processing them in the same press. This renders possible low cost products such as radio frequency identification (RFID), intelligent packaging, food quality control devices, or disposable diagnostic kits. Functionality and performance of printed electronics are not intended to compete with silicon-based electronics, nevertheless, mass-printing methods offers economic advantages for large-scale production of appropriate products. Printing technology is highly customizable, it is compatible with the preferable fabrication method in industry-the roll-to-roll (R2R)-does not require large vacuum chambers and has lower capital investment costs when compared with other production methods. It is estimated that a printed electronics facility will cost 100 times less than a conventional silicon electronics plant.
There are various printing techniques, such as inkjet, screen, flexography, gravure, or offset printing, and their features expand the range of applications. The selection of the printing method is dictated either by the requirements concerning printed films or the level of printing system complexity. In the field of electronics, printing techniques are used to apply coatings, to deposit precise patterning, or even to develop microstructures [3] . Inkjet printing patterns material by expelling from the nozzle one picoliter droplet of ink at a time, as the printhead moves over the substrate. It is a method suitable for low-viscosity inks (1-20 cP) . Screen printing is a highly versatile technique given its simplicity and reproducibility. To print, a squeegee transfers the ink through a patterned screen onto a substrate. Gravure (or rotogravure), flexography, and offset printing use a rotary printing press. Gravure printing is the most popular process for flexible packaging manufacturing and it consists in applying ink to an engraved cylinder, which is then transferred (directly, or indirectly through a transfer roll) to the substrate. The flexographic technique prints on flexible substrates by ink transfer (with low viscosity, 50-500 cP) from a laser-etched flexible relief plate. Offset printing is the preferable method for newspaper printing. It works on the principle of oil and water repulsion. A plate is damped first in water (nonimage area) and then ink (image area); the ink adheres to the print area, then it is transferred to a rubber blanket and from it to the paper.
pinhole-free layers are essential to ensure the desired functionality of the deposited layers, and conventional paper substrates present limitations such as roughness on a length scale of micrometers, porosity, and hydrophilic characteristics. Research has focused on modifying papers for the specific requirements of printed electronics and the paper surface can be modified in a thermal-mechanical manner (i.e., calendered or coated). Normally, the coatings consist of pigments and binders in an aqueous dispersion. However, rendering paper a suitable substrate for active materials can be expensive and may require materials and techniques that are neither cheap nor environmentally friendly [29, 30] , diluting the advantage of using a paper substrate over plastic foils for mass production. Moreover, there are reports of chemical interaction/reaction with the selected coating, which degrades the electrical performance of the organic functional layer, as observed when printing PEDOT:PSS on paper [31] . This means that it is difficult to develop a coating, which is chemically compatible with all the inks required to print electronic devices based on organic materials. Another important aspect to consider is the process temperature of the functional materials being deposited on paper which must stay below 200°C in order to avoid cellulose degradation [32] . Concept of the multiple integration of devices built with or on paper to perform complex functions. A solar cell coupled with a battery assures full autonomy to a device that requires energy to perform logic operations at the electronic control unit (CMOS), given the signals received from the sensor unit, and then distributes the processed information to be saved in a papermemory or transmitted by an RFID antenna to another device. Other devices/functions can be added according to the final application, such as a display to visually convey messages to the user, or a lab-on-paper diagnostic device.
Though not always using printing deposition techniques, recently, some attempts envisaged to use paper in electronic applications to explore its potential as substrate for low-cost flexible devices [33, 34] . These can complement the functional inks, but their electric performance and stability hardly meet the requirements without specific deposition conditions and encapsulation [29, 35] .
Electronics on paper has been investigated since the 1960s, when TFTs were deposited on paper substrates on a roll inside a vacuum chamber [36, 37] . The envisioned applications were flexible circuits for credit cards, electric sensors, toys, and hobby kits; but without any industrial or commercial success since the technology appeared during the boom of the siliconbased CMOS devices that fueled a revolution in the so-called information, communication and telecommunication (ICT) fields. Since then, research on paper-based field effect transistors (FETs) [38] [39] [40] [41] [42] has shown that paper could be used as an active component (dielectric). This has established a new approach to the challenge of paper electronics, where performance and stability issues are addressed using inorganic semiconductors, not requiring any special paper surface preparation nor device passivation. Likewise, devices with oxide functional materials can also benefit from the fact that cellulose is chemically more compatible with oxides than with many organic semiconductors [43] , they bind properly at low temperatures and the natural porosity of paper can be explored in practical applications. Cellulose also provides a high surface area matrix for memories and sensors, for instance, as well as the capacity of electronic charge accumulation at the fiber surface for the integration of electronic components, as demonstrated by our recent research activity [41] .
So far, some of the materials and techniques proposed to build electronic devices on paper are assumed to be compatible with low temperature processing and printing deposition. However, there are no reports yet of fully printed devices on paper that are 100% compatible with roll-to-roll processing. Thus, the solution for this challenge is not only the development of materials that can be printed at low temperatures but also to assure that their energy consumption is not high, so that the power sources to be used (solar cells, primary green batteries, and RF energy harvesting) can efficiently meet the energy needs of the device. The integration of multiple fabrication techniques can also maximize the device performance.
When developing electrical circuits, thermal and power dissipation issues, when a large number of electronic circuits/devices are integrated on an area of square millimeters, are another concern, particularly when using organic inks given their sensibility to temperature. Here, the supply voltage used, the overall current passing through the circuit, and the operating frequencies of such circuits are key factors. Resistors along the circuit are the main source of the heat generated and it corresponds to a bottleneck that forces the use of local heat sinks for enhanced dissipation. To overcome this limitation, paper electronics may not target complex and highly demanding applications but rather niche of low power and low frequency applications, where expected power generation remains very low. For instance, a reasonable target for printed paper electronics is to have no more than 10-50 transistors per cm 2 , also because the integration density on paper is driven by the resolution of the printing/depositing processes (tens of microns), which are far lower than the traditional photolithography techniques used in the silicon microelectronic field (tens of nanometers).
Finally, contrary to plastic substrates, paper exhibits high dimensional stability over temperature, which is advantageous for electronic components by not introducing complex thermal parasitic effects in the electronic devices' behavior. For example, an optically transparent paper made of cellulose nanofibers has a coefficient of thermal expansion (CTE) of <8.5 ppm [44] , which is much lower than plastic (PEN: 18-20 ppm; PET: 22-25 ppm). Besides, paper can also endure annealing cycles at 200°C for short time periods without any noticeable change in physical characteristics.
Solar-powered photovoltaic paper
The present development of photovoltaic (PV) devices allows the fabrication of solar cells on a wide variety of low-cost recyclable and disposable substrates such as paper, thereby extending PV, coupled with batteries, to a broad range of consumer-oriented portable applications where autonomous energy harvesting is needed (e.g., wearable PV, solar-powered intelligent packaging, internet-of-things systems).
Two main technological challenges can be identified in the field of PV on paper: (1) the requirement of solar cell (SC) fabrication processes employing low temperatures (below 150°C) and (2) the pronounced surface roughness of the fibrous paper structure, which can create defects in the cell layers and consequently deteriorate their electrical conduction. Such challenges are more relevant for inorganic (e.g., silicon, chalcopyrites, kesterites) based solar cells (given the high temperature, between 200°C and 300°C, typically used in the PECVD deposition of thin film silicon devices) and less crucial for organic or dye-sensitized-based cells as these devices can be processed without high temperature and by nonvacuum methods (e.g., screen printing, doctor blading, spin coating, spray deposition, electrochemical deposition) and their performance is more tolerant to the defect density [45] , but at the same time more sensible to the substrate chemistry. Regardless of their lower environmental stability and power conversion efficiency, these PV materials are still considered the most suitable option for the development of printable solar cells [46] given their minimum detrimental impact on the cellulose substrate. Barr et al. successfully integrated solar cells directly onto as-purchased papers without pretreatment to fill interfiber spaces. The paper PV arrays produced more than 50 V, enough to power common electronic displays under ambient indoor lighting, and can be flexed and folded without loss of function [47] .
Thin film hydrogenated amorphous silicon solar cells have been already successfully implemented on distinct types of cellulose-based substrates, such as liquid-packaging cardboard [48] and printing paper [49] with sunlight-to-electricity conversion efficiencies of 3-4%. This was attained by developing appropriate low-temperature PECVD processes and by coating the paper surface with a hydrophilic mesoporous layer. Such layer can, not only withstand the cells production temperature, but also provide adequate paper sealing and surface finishing for the cell's layers deposition. A key procedure performed in such works is the continuous monitoring of the substances released from the paper substrates during the cell deposition by mass spectrometry, which allows adapting the fabrication processes to mitigate any contamination from the substrate. Transfer printing or lamination is another class of methods that can also be adapted to inorganic and thin film solar cells. With these methods the cell layers are first deposited on a donor substrate, which is compatible with the optimal fabrication condi-tions (usually high temperature and under vacuum), then they are detached from the original substrate and transferred to another receiver substrate (e.g., a flexible low-temperature tolerant platform such as paper) [50, 51] . For instance, a transfer printing method is applied in the work of Lee et al. where GaAs photovoltaic modules are transferred to a prestrained, structured substrate of PDMS with a power conversion efficiency (PCE) ≥20% [52] . A similar method was employed on cellulose nanocrystal (CNC) substrates to fabricate SCs with a PCE of 4.0% [53] , and 5.9% on optimized transparent paper [54] .
Another key point to take into account in the fabrication of solar cells on flexible substrates, such as paper, is the front illuminated contact. This transparent contact must be of particular high performance to realize efficient large-area (centimeters scale) devices. Such contact is conventionally composed of a transparent conductive metal oxide (TCO), but research on alternative and inexpensive methods is essential. Examples of such alternatives are metallic networks engineered by soft lithography, such as colloidal lithography or nano-imprint; and the production of conductive transparent paper, for instance by using cellulose nanofibers and printing silver nanowires [55] . The colloidal lithography approach has allowed engineering innovative ultrathin electrodes with a honeycomb lattice structure [56] , known as micromesh electrodes (MMEs) [57, 58] , which already shows transmittance (T ~91% in visible range) and sheet resistance (Rs ~6.2 Ohm/square) better than the state-of-the-art ITO (Rs ~10 Ohm/square and T ~90%) [59] . Besides, MMEs on flexible polyimide substrates were shown to remain invariant after 1000 cycles of repeat bending to a 2 mm bending radius [64] . As for the conductive paper using cellulose nanofibers and silver nanowires, it presents an optical transparency and electrical conductivity as high as those of ITO glass. The SCs fabricated on such conductive paper exhibited a PCE of 3.2% and generate electrical power even under and after folding.
Lastly, despite all the efforts on solar cell material optimization, efficiencies achieved so far are still considerably below the state-of-the-art (11-13%) on rigid (usually glass) substrates. Advanced light trapping methods employing wavelength-sized photonic structures are regarded as one of the most promising strategy to boost light absorption, allowing thickness reduction while keeping high efficiency [14, 45, 60, 61] . Optically thicker but physically thinner devices imply cheaper and faster fabrication, light-weight and improved flexibility which enables roll-to-roll fabrication on the flexible paper substrates. Besides, thickness reduction can lead to higher open-circuit voltages (and consequently efficiencies) due to lower bulk charge-carrier recombination [62, 63] .
Cellulose substrates for electronic devices: characterization techniques and properties
Despite the technological applications of paper, there are few contributions regarding cellulose-based substrates characterization, and its applicability in electronic devices. The device and material requirements often limit the choice of the paper substrate, thus a complete understanding of its characteristics, namely, surface morphology, roughness, thermal sta-bility, flexibility, mechanical strength, and hydrophobicity, is essential to assure the proper device operation.
Paper substrates are generally classified based on their weight or grammage and can be divided in three categories, following the suggestion of Tobjörk and Österbacka [43] : Light paper, whose grammage is in the range of 12-30 g m −2 , or for thickness below 75 µm; standard paper, such as office paper, which is around 80 g m −2 and 100 µm thick; and cardboard (or paperboard), when the grammage exceeds 200-800 g m −2 , or when the thickness is above 300 µm:
• Light paper. In this category, one can place two cellulose substrates that are attracting much attention in the recent years: bacterial cellulose (BC) and nanocrystalline cellulose (NCC).
Bacterial cellulose is a bacteria-produced biopolymer composed of ultrafine nanofibers (<100 nm wide); the major perks of this material, comparing to the nanocellulose obtained from wood, is its purity and crystallinity since it is free of lignin, hemicellulose, and other components present in the vegetable cellulose [64] [65] [66] . This material can be obtained from several cellulose-producing bacteria, such as Gluconacetobacter genus, Agrobacterium tumefaciens, bacteria of the genera Pseudomonas, among others; the cellulose is produced extracellularly since the bacteria excretes the cellulose into an aqueous culture medium, of low molecular weight sugars, directly as nanofibers, which form a porous three-dimensional nanocellulose mesh structure [67] [68] [69] . The grown layer is then harvested from the medium, cut and dried.
Nanocrystalline cellulose can be obtained primarily from cotton. NCC membranes are prepared through the acid hydrolysis of cellulose process [70] . Cotton is one of the purest cellulose sources, given its higher amount of cellulose (90 wt%), when compared with other vegetal sources that usually contain a mass fraction between 50 wt% (wood) and 80 wt% (flax or hemp) [40, 67, 71] . These membranes are highly transparent, lightweight, and have a smooth surface [40] . The flexibility of some NCC papers and the unique optical properties of nanocrystalline cellulose open a wide range of cost-efficient applications, for instance, smart labels, RFID, smart packaging, or even as support for bio-applications.
• Standard paper. There are countless types of paper in this category. The varieties here discussed are the most relevant for this chapter: commercial office paper (COP), raw paper (RP), the Whatman filter papers (WFP1 and 4), and the vegetable papers -parchment paper (PP) and tracing paper (TP), with thickness of 60, 135, 180, 205, 52, and 80 µm, respectively. The commercial office paper presented here is an 80 g m −2 grammage paper made from the Portuguese paper manufacturer the Navigator company. Raw paper (63 g m −2 ) is fabricated by Felix Schoeller Group. The Whatman filter papers are used worldwide for chromatography and are a registered trademark of GE Healthcare. WFP1 and WFP4 grammage is 88 and 96 g m −2 , respectively. Parchment paper (41 g m -2 ) is commonly used in baking as a disposable nonstick surface and the tracing paper studied here, with a grammage of 90 g m −2 , was provided by Canson, a manufacturer of fine art paper and is specially adapted to technical drawing.
• Cardboard. For this category, the paper studied is called liquid packaging cardboard (LPC) and it is produced by the Finnish company Stora Enso [72] . LPC is an aseptic and biodegradable material widely used in the food packaging and beverage industry throughout the world. This material comprises three layers: the pressed cellulose fibers (cardboard, 240 g m −2 ), an adhesive layer of low density polyethylene (LDPE, 12 g m −2 ), and the aluminum sheet (6-7 mm). One major particularity is its robustness to withstand harsh environments, as evidenced by its use as substrate for solar cell deposited by plasma-enhanced chemical vapor deposition (PECVD) [48] and as an efficient surface-enhanced Raman spectroscopy (SERS) platform supporting metal nanoparticles arrays fabricated through thin film annealing [73] .
Based on this classification, the following sections present a comprehensive characterization overview and comparison between paper samples of each category.
The assessment of the surface morphology of cellulose substrates can be achieved by scanning electron microscopy (SEM) [39] , backed by three-dimensional (3D) profilometry [74] and AFM [38] , to evaluate the paper surface, dimension of fibers, thickness, and porosity. Other techniques, such as X-ray diffraction (XRD) [40, 41] , differential scanning calorimetry (DSC), thermogravimetric analysis measurements (TGA) [40, 41] , and Fourier transform infrared (FTIR) spectroscopy [75, 76] , provide information regarding the paper structure and contents. This information in turn can help to understand the optical properties (such as transmittance and haze factor), studied by spectrophotometry [40] , or the electrical properties of the cellulose fibers and overall electrical behavior of the paper material. One method to study the electrical properties of cellulose is the fabrication of different transistors (with and on paper) [38] [39] [40] [41] 74] and its analysis by impedance spectroscopy [38, 40, 41, 74] .
Light paper
The X-ray diffraction (XRD) diffractogram (Figure 2a) provides information regarding the crystallinity index and crystallite size. Bacterial cellulose (BC) and cotton-based nanocrystalline cellulose (NCC) show the presence of characteristic cellulose type I, also defined as native cellulose, given the characteristic peaks at 2θ = 14.7°, 16.9° and 22.9° for BC and 14.7°, 16.8° and 22.7° for NCC. These cellulose type I peaks correspond to the 1 ¯ 1 0 , 110, and 002 crystallographic planes, respectively. The XRD patterns were collected from 10° to 90° (2θ), with a scanning step size of 0.016°, with a monochromatic CuKα radiation source (wavelength 1.540598 Å). The crystallinity index, I C , was determined using the method proposed by Segal et al. [77] :
where I (002) is the maximum intensity of the diffraction of the (002) lattice peak, taken at a 2θ angle between 21° and 23°, and I (am) is the intensity of the diffraction of the amorphous regions, taken at the minimum on a 2θ angle range between 18° and 20° [40, 41] .
The inexistence of lignin and hemicellulose in BC leads to a high crystallinity index (~92%) and a crystallite average size of 5.7 nm, higher than NCC which lies around 80% and has a crystallite average size of 7 nm. (Figure 2b ) of BC and NCC resembles that typically obtained for plant-based cellulose and depicts the characteristic cellulose absorption peaks, i.e., hydrogen-bonded OH stretching at 3400 cm −1 , C−H and C−O stretching vibrations, 2900 and 1060 cm −1 , respectively. The O-H bending vibration assigned to the absorbed water is also observed with the presence of a peak at 1640 cm -1 [40] .
The BC membranes have a smooth structure of long entangled filaments of extruded cellulose fibrils with an average width of 20-100 nm (Figure 3a) and a surface RMS roughness in the order of 60 nm [68, 69, 78] . As for NCC, one can observe a smooth and compact morphology (Figure 3b ) and also a needle-like structure in the cross-section inset. The low porosity, roughness in the order of nanometers, and high compactness of the cellulose fibers give these paper substrates a high contact angle (~95°C, accessed through 1 µL of deionized water droplet), which translates in a significant hydrophobicity that is beneficial to microfluidic devices [79] , self-cleaning and to prevent the negative effects that the absorption of water can have on electronics devices.
Standard paper
The SEM micrographs in Figure 4 show the morphology of the paper samples. COP has a high-density structure of intertwined cellulose fibers, with different shapes and sizes (some wider than 20 µm) and also calcium carbonate agglomerates. RP presents a similar structure and fibril size dispersion, without the presence of calcium carbonate agglomerates. As for the morphology of Whatman filter papers (WFP1 and 4), one can observe wide fibers (>20 µm) embedded in a matrix of small ones (<5 µm), whose concentration can be correlated to the intended filter permeability (Figure 4c and d) . Both COP and RP have low porosity and high hydrophobicity (water-contact angle around 100°) when compared to WFP1 and 4 samples, which have a water-contact angle of <10°. The samples with the smoothest, more uniform, and compact surfaces are from parchment (PP) and tracing paper (TP), where the high concentration of small size fibers completely fills the gaps and surface between the larger fibers. The SEM for the PP samples (Figure 4e) shows a similar matrix structure of large and small fibers, with dimensions that can exceed 40 µm in width, embedded in a matrix of small ones (<5 µm) but the smoothest and most homogeneous surface is the TP substrate (Figure 4f ). Optoelectronics and Bio Devices on Paper Powered by Solar Cells http://dx.doi.org/10.5772/66695 Figure 5 gathers the 3D profilometry scans of the different paper substrates. As expected, given the fibers' width, the WFP1 and 4 have the surface with the highest root mean square (RMS), exceeding 12 µm. On the opposite side, the TP has the smoothest surface with RMS ~4 µm, while COP and RP have similar and slightly higher values of RMS (~5 µm). The COP paper is optimized for printing and therefore has a lower porosity and higher hydrophobicity (water contact angle of 101°) when compared to WFP (water contact angle of <10°), which is hydrophilic in nature, given the dimension of its fibers and high porosity. The high concentration of small size fibers, compactness, and smooth surface of the vegetable papers, PP and TP, also lead to high hydrophobicity (water contact angle of 124° and 95°, respectively).
The water content and its affinity to the paper substrate also plays an important role as a plasticizer or softening agent, thus influencing paper properties such as flexibility, elasticity, strength, and rigidity, which should be adjusted not only to the fabrication process, but also to the ink impregnation and overall printing quality. A low moisture content give rise to a hard and brittle paper, while a water content too high leads to creasing, delayed ink drying, and poor finish [80] .
The analysis of XRD diffraction (Figure 6a ) highlights the referred differences between COP and the other paper substrates. Besides the common 1 ¯ 1 0 , 110, and 200 crystallographic planes (respectively at 2θ = 14.7°, 16.8°, and 22.7°) associated to semicrystalline cellulose type I (also referred to as native cellulose), the XRD of COP reveals intense peaks between 28° and 50° related to the presence of calcium carbonate (CaCO 3 ) [41, 81] . Calcium carbonate and clay are typically present in paper manufacturing, either from pigments that are commonly used in papermaking or the water mineral content. In the FTIR-ATR spectra (Figure 6b) , all samples reveal the bands associated to cellulose, such as OH, C−H, and C−O stretching bands, at 3400, 2900, and 1060 cm −1 , respectively. It is also observed a peak at 1640 cm −1 for the O-H bending vibration which corresponds to the absorbed water [40] . The 3600-3100 cm −1 broad band in the region provides information regarding the hydrogen bonds. The peaks from amorphous cellulose are sharper and have lower intensity, which can be correlated with the scission of the intra-and intermolecular hydrogen bonds [75] . Tracing paper is the sample with the most distinctive and low intensity OH stretch band.
Transmittance can also be an important characteristic of paper devices, for example, in OLEDs; the large optical haze is attractive for organic solar cells or in paper touchscreens to eliminate glare under direct light [44] . The total transmittance spectra of the different paper substrates are shown in Figure 6c . Tracing and parchment paper are the most translucid, although there is always a fraction of light that is transmitted regardless of the paper substrate. Scattered light is the main component of transmitted light, which translates in a high haze factor.
Information regarding thermal stability can be obtained by thermogravimetry and differential scanning calorimetry (TG-DSC) analysis (~7.5 mg of sample mass, heated at atmospheric pressure, from 25°C to 550°C with a heating rate of 5°C min −1 ). Results show an initial weight loss (<10%), at temperatures close to 100°C, which corresponds to the desorption of free water from the cellulose fibers. Thermal degradation of cellulose, by depolymerization and the formation and evaporation of levoglucosan, or oxidative decomposition, occurs for temperatures above 300°C and is followed by a weight loss above 70%.
Cardboard
The liquid packaging cardboard characterization by SEM and 3D profilometry (Figure 7 ) reveals a continuous and crack-free aluminum foil, shaped to the cardboard roughness (RMS ~6 µm). As for TG-DSC analysis, published elsewhere [48] , there are two endothermic peaks. The first peak, detected at 99.3°C with a weight loss of 6.6%, is related to the release of free water, and the second peak, at 353°C with weight loss of weight loss of 57.7%, is linked to the cardboard and LDPE decomposition. It should also be noted that although the weight loss is negligible up to 250°C, the LDPE, responsible for the adhesion of the aluminum foil to the cardboard, starts to degrade at 200°C; thus, the substrate should be considered thermally stable up to 200°C in order to assure that the release of organic species will not influence the device fabrication.
Characteristics of electronic devices on paper
Although plasma-based processes, such as physical vapor deposition (PVD) and PECVD, may be relatively complicated and expensive in comparison to what is common in the graphics and printing industries (roll-to-roll), these techniques give rise to higher efficiency devices. Therefore, it is important to develop a better understanding of how these plasma processes can be applied and are influenced by paper substrates, so that a comparison can be established for the same devices produced with organic materials and printing techniques. As an example, in the more recent demonstrations of transistors on paper, there is still typically a trade-off between the transistor performance and its printability. While high-performance conventional silicon-based transistors have been attached to a silicon-coated paper substrate [34] , screen printed silicon nanoparticle-based transistors on paper showed rather poor characteristics [82] . Laboratory scale techniques were also used when fabricating conventional organic field-effect transistors (OFETs) operating at high [22] or low voltages [83] on paper substrates, while simple electrochemical organic transistors operating at low voltages have been produced on polyethylene-coated paper [84] and on photo paper [85] .
In this section, we provide examples of field effect transistors (FETs) fabricated on the studied substrates described in the previous section and highlight the impact cellulose has on the device properties (Figure 8) . The transistor is one of the essential active components in electronics and its fabrication complexity makes it an ideal element to test the viability of paper electronics, and since it requires energy to operate, it is also an opportunity for solar power. In the specific case of FETs, paper is not only the support but also an active part of the devicethe gate dielectric-according to the electric double layer (EDL) formation due to the mobile protons within the cellulose matrix [39, 41, 86] . This cellulose role is similar to what happens in electric double-layer capacitors.
The transistor fabrication comprises, on one side of the paper, a GIZO (Ga 2 O 3 -In 2 O 3 -ZnO) thin film, to create the channel region, followed by the Al e-beam evaporation of the source/drain electrodes (S/D). On the opposite side of the paper substrate, a conductive IZO (In 2 O 3 -ZnO) thin film is deposited by RF sputtering to work as gate electrode. To ensure the proper functioning, the devices were annealed in air for 30 min at 150°C.
The electronic performance of the BC-based FETs is similar to the FETs reported in the literature using commercial paper as dielectric, reaching a I ON /I OFF modulation ratio above 10 4 , whereas NCC-based FETs show a saturation mobility above 7 cm 2 V −1 s −1 , and a I ON /I OFF modulation ratio higher than 10 5 [40] .
The creation of the EDL depends on the mobile-free ions present in the paper matrix and fundamentally on the sorbed water within the paper. To infer the role of water content in the paper, due to humidity variations, and relate it with the performance of FETs, Fourier transform infrared (FTIR) spectroscopy was performed under normal atmosphere and in vacuum, for devices fabricated on tracing paper (TP).
In the FTIR-ATR spectra, the bands related to the adsorbed water are mainly located around 700 cm −1 , which corresponds to the out-of-plane vibrations of OH groups or to the rotational vibrations of H 2 O molecules, whereas OH bending of adsorbed water is ascribed to the band observed at 1635 cm −1 . In order to assess the major differences among the samples, the spectra were normalized to the intensity of the 2900 cm −1 band, since it is not susceptible to variations in crystallinity or water content [69] (Figure 9a ). The measurements taken for different vacuum times reveal that there is an abrupt decrease in intensity for the band at 1635 cm -1 . This observation is related to the structure compactness, whereas the more porous the structure, the more it facilitates adsorption and desorption of water. Water and mobile-free ions are intrinsically linked to EDL formation, when using paper as dielectric. To understand the role of ions and water, spectroscopic impedance can provide information of the paper electrical properties, namely, the capacitance variation with frequency (C-f) and bulk resistance (Figure 9b ).
The C-f plot was determined between 10 mHz and 1 MHz using an AC excitation voltage of 500 mV [41] . In this frequency range, there is an increase in the capacitance for low frequencies, which is a typical behavior for the electrode polarization as a result of the interaction between the charged electrode surface with the free charges in the paper. For 10 mHz, the capacitance of TP is 1.8 µF cm −2 , and when submitted to vacuum, the capacitance decreases more than three orders of magnitude. This difference is explained by the sorbed water which is the main source of protons (H + ) and hydroxyls groups (OH -) responsible for the behavior at lower frequencies. Drawing a parallel with FTIR-ATR results, it is possible to recognize the high susceptibility of the TP to the water variation content.
The loss tangent (tan δ) allows one to infer the relaxation frequency, by separating the contributions of the bulk material itself from the EDL regime. For high frequencies, the tan δ is low since there is no sufficient time for large dipole creation; whereas for low frequencies, the electric field action drives the ions to form the EDL, which in turn reduces tan δ [40] . The bulk resistance can also be determined from the impedance data through the Cole-Cole plot (Figure 9c) , where the resistance of bulk material in parallel with the geometric capacitance describe a semicircle at high frequencies; the estimated resistivity for TP is 4.9 × 10 7 Ω cm. A possible explanation for this value relies in the amount of sorbed water, wherein a higher concentration can maximize the ability of free ions to migrate thought the paper matrix [41] .
Regarding the other electrical properties of FETs, the saturation mobility on TP (µ SAT = 2.3 cm
) is significantly lower compared to those fabricated on light paper (7 cm 2 V −1 s −1 for NCC). Thus, the saturation mobility is intimately related to the density of the matrix and fraction of small fibers. The paper morphology also influences similarly the on/off current ratio (TP, I on /I off = 2.5 × 10 4 ) and minimizes the gate leakage current (I GS ).
As for device properties, the FETs characteristics are directly affected by the decrease of water content within the paper bulk (Figure 9d) . The susceptibility of TP to water loss, due to humidity changes, leads to no current modulation after 15 min of vacuum since the desorbed water does not allow the EDL formation. The compactness and smoothness of small fibers can give paper a higher ability to bind and retain water and ions, allowing the formation of EDLs at the interface of paper, thus enabling the semiconductor to operate under low humidity for a prolonged period [74] .
Electrochromic devices on paper
The interest in electrochromic materials has grown from the mid-1980s, especially due to the application of these materials in smart windows for energy efficiency and indoor control [87, 88] . Nevertheless, new applications in the field of smart labels and displays have triggered the development of easier and cost-effective deposition processes that simultaneously allow patterning of the active area [89] . Inkjet printing is a good alternative for this purpose since it is processed at low temperatures, is a cost-effective technique, easily scalable for mass production, produces low waste, and can be adapted to different substrates and patterns. Nevertheless, this fabrication method can have some drawbacks as the quality of the deposited film is highly dependent on the ink characteristics, like viscosity and surface tension, combined with the printer specifications and surface properties of the paper substrate [90, 91] . So far, inkjet printed electrochromic films have been applied mostly to organic materials [92] , but inorganic materials can also be easily adapted [93, 94] .
An electrochemical device comprises two electrodes separated by an electrolyte, and paper can be a viable substrate to produce electrochromic displays as the next proof-of-concept shows. The electrodes are functionalized, by inkjet printing, with the electrochromic material, WO 3 ·H 2 O, and at least one of the supports for the electrodes has to be fully transparent (window layer). In the case of the device shown here, liquid packaging cardboard (LPC) was used as the paper substrate and the transparent support is an ITO-coated PET substrate (for the sake of device operation and proper encapsulation), but nanocrystalline cellulose can be a viable alternative, given its high transparency and low sheet resistance of the TCOs deposited on its surface, as demonstrated by the good quality FETs fabricated on this substrate. The devices are assembled in a sandwich structure, where the ITO-coated PET/WO 3 and LPC/ WO 3 are the working and counter electrodes, respectively, with the composite solid polymer electrolyte (fabricated according to Santos et al. [95] ) in the middle and double-sided tape for encapsulation and spacing between electrodes. Potentiostat measurements characterize the electrochemical properties and colorimetric data studies the variations in color between different working stages.
Tungsten trioxide (WO 3 ) is a well-known inorganic electrochromic compound with a very high transmittance modulation, multiple oxidation states, and good cycle stability. The general reaction that describes its electrochromic behavior can be written as follows:
The coloration occurs when the tungsten metallic center is reduced, by the application of an external potential, and a small cation (M + = H + , Li + , K + ,…) from the electrolyte intercalates into the material to compensate the charge insertion. The tungsten bronze (M y WO 3 ) is then formed, showing the blue color in the electrode. Since this is a reversible process, when a potential with inversed polarity is applied, the reaction occurs in the opposite direction and the material returns to its initial state with a transparent/white color [89] . The full mechanism is still under discussion but the most accepted theory is explained by small polaron transitions for the amorphous material and Drude-like free electron scattering for crystalline. The major difference between these two mechanisms is the electron localization or delocalization:
The x represents the number of W sites. However, at higher values of y the reaction gets irreversible and the tungsten bronze turns red or golden [96] .
Liquid packaging cardboard (LPC) electrochromic device assessment
The crystallographic structure of the synthesized WO 3 , analyzed by XRD (Figure 10) , depicts a series of diffraction peaks that can be indexed to the reference pattern from the International Centre for Diffraction Data (ICDD) of the orthorhombic hydrated (or tungstic acid) WO 3 (ortho-WO 3 ·H 2 O) with ICDD No. 01-084-0886. Tungstic acid is already known to have a good electrochromic behavior, which is dependent on both the hydration level and crystalline structure [97, 98] . In this work, the terminal W=O and W-H 2 O bonds can increase the conduc- tivity and diffusion of Li + ions, whereas the crystalline structure should improve the stability of the film [99] .
The ink produced has to meet the demands of the inkjet printer used. For that, the viscosity and surface tension were between 1.5-2 cP and 30-40 dyne cm -1 , respectively, while the filtration assured that the nozzles would not clog during printing. As expected, the printed pattern does not show a continuous film, but the eye resolution cannot detect these irregularities [94] . The patterns were defined as a square with 1 × 1 cm for the LPC and 0.5 cm diameter circle for the ITO-coated PET substrate. This design facilitates the alignment of both electrochromic layers upon encapsulation.
Usually, the coloration of electrochromic materials is studied by UV-Vis spectroscopy; however, due to the opacity of the LPC substrate, the different colors of the device were represented by the CIE 1931 Yxy diagram as recommended by the Commission Internationale de L'Eclairage. In the CIE diagram, the quantities x and y of Eq. (3) Figure 11a . It can be observed that there is a notable color difference between the bleached and colored states, especially at −0.6 V, where the reaction becomes irreversible. As the potential increases, the y factor in Eq. (3) also increases and the Li + ions become trapped in the crystalline structure of the WO 3 .
The electrochemistry of the reaction studied by cyclic voltammetry (Figure 11b) , under the same potential range (0.3 to −0.3 V and 0.6 to −0.6 V), shows that coloration occurs when the voltage and current decrease until a minimum negative value while bleaching takes place when voltage and current reach a maximum and then stabilize. In this work the capacity of the films is almost ineligible but it can be explained by the small area of the film and consequently the low amount of WO 3 material. The low current and voltage required to govern the on/off stages of the electrochromic device can be easily met by the current state-of-the-art organic [55] and inorganic [48, 49] solar cells fabricated on paper. 
Lab-on-paper devices
Lab-on-paper is a novel technology for fabricating simple, low-cost, portable, and disposable analytical devices holding great promise to aid global health, food quality control, and environmental monitoring [81, [100] [101] [102] [103] [104] [105] . Lab-on-paper technology requires minimum fluid samples, compared to common devices, and the porous structure of the paper is solely responsible for fluid transportation. This is a crucial aspect of the diagnostic apparatus, since the substrate must facilitate the diffusion and flow of the solutions within the hydrophilic fiber matrix. The movement of fluids is governed by capillary forces, thus without the need for pumps or power [102, 103] . This technology was introduced in 2007 by Martinez et al. [106] as a method for patterning paper to create well-defined, millimeter-sized channels comprising hydrophilic paper bounded by hydrophobic polymer; but the first evidence of the lab-on-paper technology dates back to 1902 with a patent for paper strips impregnated with hydrophobic materials [107] . Earlier diagnostic applications of lab-on-paper comprise the detection of nickel and copper salt concentrations [108] , determination of pH for water testing and biological analysis of urine and blood composition [109] .
To date, researchers have been focused on adapting new developments in nanotechnology, biotechnology, and materials science to paper-based sensors. The production of practical analytical devices, based on those developments and by simple fabrication techniques, can have a positive impact for creating worldwide applications where they are most needed [100, 104, 106, 110, 111] .
The fabrication of lab-on-paper devices starts by defining channels and reaction zones onto paper, in order to control the movement of liquids and to assure the confinement of different reagents. A wide range of diverse patterning techniques was already reported and can be divided in three major patterning principles: (i) physical blocking of pores in paper (e.g., photolithography [106] , plotting [112] , and laser treatment [113] ); (ii) physical deposition of reagent on fiber surface (e.g., inkjet etching [114] and wax printing [104, 115] ); and (iii) chemical modification of fiber surface (e.g., plasma treatment [116] , inkjet printing [117] , and silanization [118] ). Each technique has its advantages and limitations which have to be taken under consideration according to the type of device, equipment available, material costs, and the intended application, among other factors.
Wax printing technology
Among the different patterning techniques, wax printing represents one of the most promising technology for paper patterning, given its simple and fast (5-10 min) fabrication process. The printing process uses a solid wax printer, in which the ink is supplied as solid wax and then melted, before being ejected from the print head, and once it rests on the paper surface it immediately solidifies. Since the wax remains only on the paper surface, the printed paper is then processed on a hot plate (120-140°C, 1-5 min; depending on the type of wax and paper) to allow the wax to diffuse vertically through the entire paper thickness, hence creating the hydrophobic barriers to confine the fluids (Figure 12) . The wax is formulated from a nontoxic resin-based polymer, composed of a mixture of hydrophobic carbamates, hydrocarbons (e.g., paraffin), and dyes.
Applications
The wax printing technology has already been successfully applied in the fabrication of colorimetric paper-based sensors for diagnostic and environmental applications, such as for glucose monitoring, based on enzymatic reactions [104] , canine leishmaniosis detection through an immunoassay [104] , tuberculosis detection by nucleic acid identification [100] , and electrochemically active bacteria detection, based on electrochromic detection [81] .
Glucose monitoring
Diabetes mellitus is a leading cause of illness and mortality worldwide and a major health problem for most developed societies. This metabolic disorder from insulin deficiency and hyperglycemia results in blood glucose concentrations higher or lower than the normal range (4.4-6.6 mM) [119, 120] . In developed countries where healthcare infrastructure is well established, self-monitoring of blood glucose levels is effective and economically accessible to the public. However, in many resource-limited countries the first priority is generally not given to diabetes care. Even widely used glucose meters and test strips are extremely expensive in those low-income regions; hence, there is an urgent need to develop a simple, low cost, disposable sensor that allows individuals in those countries to self-monitor their blood glucose level [121] .
The work of Costa et al. [104] demonstrates how such blood glucose monitor can be fabricated on paper, as a 2D lateral flow device or as a 3D device, using the wax printing technology, for colorimetric analysis. The paper substrate used was Whatman filter paper n° 1 (WFP1), which is the most common paper for microfluidic devices. Briefly, the enzyme glucose oxidase (GOx) oxidizes glucose to D-glucono-δ-lactone and hydrogen peroxide. The enzyme peroxidase then reacts with the hydrogen peroxide and oxidizes the colorimetric indicators generating a visible color change, which is proportional to the initial amount of glucose in the sample. Figure 12 . Schematic of the lab-on-paper technology process with wax printing: in the first step, a Xerox ColorQube printer, with solid ink (wax) cartridges, is used to print the sensor layout. The paper sheet is then processed in a hot plate (140°C, 2 min) for melting, in the second step. Digitalized images of the paper front view and the optical micrographs of the cross-section, before and after wax diffusion, show the behavior of the channel when a red dye solution is used and highlight the effect of the hydrophobic barriers. Adapted from Marques et al. [81] . Figure 13 illustrates the layers that comprise the paper-based biosensors and compares their sensibility for two different colorimetric indicators: AB (4-aminoantipyrine + 3,5-dichloro-2-hydroxy-benzenesulfonic acid) and KI (potassium iodide).
The 3D device shows important advantages compared to the 2D lateral flow sensor, given its higher coloration homogeneity. The 2D lateral flow sensor, on the other hand, is more subject to some carryover of the colored products that hinder the coloration intensity. This test runs in less than 5 min and a calibration color gradient scale can be printed directly on the paper device in order to compare with test results, allowing the patient to infer an approximate concentration of glucose in the sample. Eventually, a more complex device able to perform a wide range of analysis could take advantage of a solar cell to power sensors, a CMOS to perform logic calculations and a display to show information.
Electrochemically active bacteria detection
Electrochemically active bacteria (EAB) have the ability to extracellularly transfer their electrons produced during microbial respiration [81, 122, 123] . This ability sparked interest given the multiplicity of applications than can range from bioremediation to electricity production in microbial fuel cells. Although an increasing number of EAB have already been identified, isolated, and characterized, this number is still quite small regarding their ubiquity in the environment. This fact significantly constrains the fundamental knowledge about these bacteria and their role in the environment [81, 124] . To visually detect these bacteria, Marques et al. [81] developed a paper-based sensor, using common office paper (COP) as substrate and tungsten trioxide nanoparticles (WO 3 NPs) as the sensor layer (Figure 14) , to successfully test the presence of electrochemically active Geobacter sulfurreducens DL-1 [125] cells (Figure 14b) . The change in the WO 3 optical properties (between white and blue) occurs in the presence of EAB which triggers the electron-transfer (redox) process (bioelectrochromic response).
The hexagonal WO 3 NPs, hydrothermally synthesized by microwave, were integrated in a wax-printed office paper platform as an active layer for EAB detection. Common office paper allows a superficial adhesion of the WO 3 NPs, which facilitates the interaction of EAB with the electrochromic nanoparticles, promoting an intense and uniform coloration on the reaction zone, contrarily to chromatography paper (e.g., WFP).
Conclusions
Cellulose as a substrate for electronics is a highly promising booming field, not only for its low cost and recyclability, but also because of its compatibility with fast and inexpensive manufacturing printing processes. However, despite the fact that paper properties can be tuned to the intended purpose, there are still numerous challenges to address (e.g., water absorption, need for encapsulation, porosity) usually related with the internal structure, morphology, and chemistry of the fiber surface.
Unlike inorganic platforms (e.g., crystalline silicon, glass), the physical properties of paperbased materials have a considerable degree of polidispersion which can greatly affect the reproducibility of devices employing such materials. Therefore, extensive characterization protocols have to accompany the manufacturing processes, mainly targeted to provide a full definition of the morphology and composition of the paper as they widely vary and affect immensely the properties of the electrical devices. The analysis of the different devices here described (solar cells, FETs, electrochromic displays, and lab-on-paper) highlight how certain paper substrates are appropriate in some cases, but detrimental to other devices. Nonetheless, in all cases cellulose substrates allow for working devices with similar performance to those produced on plastic or glass. These are exceptional reasons to make electronic device applications on paper a reality and encourage the progress on printed solar cells to power more complex systems such as intelligent packages or diagnostic platforms.
